We previously used high-density expression arrays to interrogate a genetic cross between strains C3H/HeJ and C57BL/6J and observed thousands of differences in gene expression between sexes. We now report analyses of the molecular basis of these sex differences and of the effects of sex on gene expression networks. We analyzed liver gene expression of hormone-treated gonadectomized mice as well as XX male and XY female mice. Differences in gene expression resulted in large part from acute effects of gonadal hormones acting in adulthood, and the effects of sex chromosomes, apart from hormones, were modest. We also determined whether there are sex differences in the organization of gene expression networks in adipose, liver, skeletal muscle, and brain tissue. Although coexpression networks of highly correlated genes were largely conserved between sexes, some exhibited striking sex dependence. We observed strong body fat and lipid correlations with sex-specific modules in adipose and liver as well as a sexually dimorphic network enriched for genes affected by gonadal hormones. Finally, our analyses identified chromosomal loci regulating sexually dimorphic networks. This study indicates that gonadal hormones play a strong role in sex differences in gene expression. In addition, it results in the identification of sex-specific gene coexpression networks related to genetic and metabolic traits. (Endocrinology 150: 1235-1249, 2009) 
S
ex differences are observed in most complex genetic disorders, including atherosclerosis, obesity, diabetes, and cancer (1) . Males are more susceptible to cardiovascular disease, as are females to higher fat depots and insulin resistance; therefore, sex differences may have a substantial impact on the prevention, diagnosis, and treatment of disease (2) (3) (4) . Sexual differentiation is manifested through various biological factors, stemming from the organizational and activational effects of gonadal hormones to the direct effects of sex-specific genes on the sex chromosomes, such as the testis determining factor Sry (5-7). For example, organizational sex differences in brain, liver, and other tissues are induced during development when the testes secrete testosterone, which acts to permanently masculinize the structure and function of tissues.
Later in life, differential exposure of testicular or ovarian hormone secretions results in the reversible, activational sexspecific acute effects of gonadal hormones that disappear after gonadectomy in adults. The organizational and activational effects of testosterone may be mediated by two primary metabolites of testosterone: nonaromatized metabolites such as dihydrotestosterone (DHT), which bind to androgen receptors, and aromatized metabolites such as estradiol (E2), which bind to estrogen receptors. The sex chromosome effects stem from the direct action of the Y-chromosome genes or by the differential dose of X-chromosome genes, resulting from differences in the genomic dose of the gene or the sex difference in the parental genomic imprint of the X-chromosome genes (8) .
Sex hormones such as androgens and estrogens cause brain sex differentiation in mammals and affect tissues such as adipose, liver, and skeletal muscle (5, 9) . For instance, the regulation of body fat distribution is influenced by changes in gonadal hormones, including the adipose-derived hormone leptin (10) . Regional sex differences may be required for adipose metabolism that supports the reproduction process, which is dependent on the location of the fat depot (11) .
In the liver, metabolism of steroid hormones and drugs has been shown to be sexually differentiated, mainly due to gonadal hormones causing differences in GH. Studies have indicated that sex differences in hepatic steroid metabolism may support a pregnant state when the liver is exposed to high continuous levels of steroid hormones (12) . Thus, tissue-specific sex differences may underlie sex-specific roles in reproduction, whereas changes in gonadal hormones contribute to the development of obesity and other related metabolic disorders (10) .
The profound effect of sex on metabolic traits has also been observed in chromosomal linkage to these complex biological systems; for example, quantitative trait loci (QTL) have often been observed in one sex but not the other (13) (14) (15) (16) (17) . These sexgene interactions imply an underlying genetic network invoked by sex-specific regulation influencing gene expression (13) . Indeed, sex differences in the expression of thousands of genes across several tissues has recently been documented; however, the molecular mechanisms driving this large-scale sexual dimorphism of gene expression and whether or not these sex differences are also reflected in their gene interactions remain to be elucidated (18) .
In a previous study, the molecular mechanisms that lead to sex differences in the liver tissue were determined by analyzing the effects of the GH-activated transcription factor signal transducer and activator of transcription-5b (STAT5b) on sex-specific gene expression (19) . Here, we investigated the activational effects of gonadal hormones and the effect of sex-chromosomes on liver gene expression. We determined the contribution of gonadal hormones and sex chromosomes in driving sexually dimorphic gene expression by comparing gene expression of liver tissue from gonadally intact mice and gonadectomized (GDX) mice that were treated with DHT, E2, or placebo. We also studied GDX four-core genotype (FCG) mice, in which the sex chromosomes are independent of gonadal sex (8) . The genes whose expression was affected by hormone treatment were significantly enriched for the sex-specific differentially expressed genes from the previous study by Yang et al. (18) . Relative to the gonadal hormones, the sex chromosomes had a minor influence on gene expression changes in the adult mice.
Previous studies of sex differences in gene expression focused mainly on differences in the level of transcript abundance (15) . In this study, we asked whether the organization of gene expression networks differ between the sexes. By integrating genetics and gene expression, we sought to examine the genetic architecture of the complex biological systems between male and female.
Gene coexpression networks, where nodes and edges reflect gene expression correlation, have been successfully applied to gene expression profiles in many species by investigating the functional relationship of gene coexpression networks in the context of complex biological traits (20 -27) . We constructed gene coexpression networks in adipose, brain, liver, and muscle of male and female mice from a segregating population of a cross between mouse strains C3H/HeJ and C57BL/6J on a hyperlipidemic apolipoprotein E-null background (BXH ⅐ ApoE Ϫ/Ϫ ). We identified sexually dimorphic modules of these networks corresponding to highly correlated gene expression, in adipose, brain, liver, and muscle as well as a sex-specific network enriched for genes affected by gonadal hormones. In addition, we detected sex-specific modules in adipose and liver correlated with biological traits and the chromosomal regions regulating these networks.
To our knowledge, this is the first microarray-based global study that begins to address how gene network interactions differ between the sexes and how these modules correlate with sexually dimorphic traits as well as sex-specific patterns of genetic linkage. Integrating genomic, gene expression, and biological trait data has allowed us to detect genes and genetic networks influenced by sex that may, in part, explain the differential susceptibility toward diseases between males and females.
Materials and Methods

Mice inbred strains C57BL/6J
ApoE ؊/؊ (B6 ⅐ ApoE ؊/؊ ) and C3H/HeJ ApoE ؊/؊ (C3H ⅐ ApoE ؊/؊
) F2 intercross data set
The genotype and gene expression data from adipose, brain, liver, and muscle of the F2 mouse population used in this study have been previously described (17, 18) . The F2 mouse population consisting of 334 mice (169 female, 165 male) was generated by intercrossing F1 mice of parental strains B6 ⅐ ApoE Ϫ/Ϫ and C3H ⅐ ApoE Ϫ/Ϫ . The knockout of the ApoE allele results in hypercholesterolemia, making the mice susceptible to atherosclerosis when they are fed a high-fat diet. Mice were fed chow diet containing 4% fat until 8 wk of age, when they were placed on a Western diet containing 42% fat and 0.15% cholesterol for 16 wk. At 24 wk of age, mice were fasted for 4 h in the morning, then anesthetized with isoflurane for retroorbital sinus blood collection, and then euthanized for collection of adipose, brain, liver, and muscle. The mice were genotyped at 1032 single-nucleotide polymorphisms uniformly distributed over the mouse genome at an average density of 1.5 cM.
sequences and RIKEN full-length clones. The number of distinct transcripts and gene models represented on the array were 23,574 and 21,859, respectively. Gene models were created based on clustering of transcripts on the genome. The 18,833 gene models were annotated with a LocusLink identifier, and each gene model was assigned to only one LocusLink identifier. Total RNA was extracted from homogenized mouse tissues with Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. cDNA labeled with either Cy3 or Cy5 was hybridized to at least two microarray slides with fluor reversal and subsequently scanned using a laser confocal scanner. Gene expression changes between two samples were quantified on the basis of spot intensity relative to background, adjusted for experimental variation between arrays using average intensity over multiple channels, and fit to an error model to determine significance (type I error). Gene expression is reported as the ratio of the mean log 10 intensity (ml-ratio) relative to the pool derived from 150 mice randomly selected from the F2 population. Full gene and probe information of the array is shown on supplemental Table 2S (published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). The microarray data from this study have been deposited to GEO under accession nos. GSE13264 and GSE13265.
Gonadectomy and hormone treatment of mice
Mice of strain C57BL6/J were purchased from The Jackson Laboratory (Bar Harbor, ME) and were placed on a chow diet. The animals were GDX at 8 wk of life, implanted with hormone pellets at 12 wk, and killed at 14 wk. Male and female mice of the hormone-treated groups received sc implants of either 0.5-mg E2 pellet (plasma yield of 300 pg/ml) or a 5-mg DHT pellet (plasma yield of 1-2 ng/ml), designed to release over 21 d (blood levels reported by manufacturer, Innovative Research of America, Sarasota, FL; 17B-E2, catalog item no. E-121, 0.5 mg/pellet; 5␣-DHT, catalog item no. A-16). Control mice were treated with the placebo pellet (Innovative Research of America; placebo, catalog item no. C-111) (30) . Plasma, whole brain, heart, kidney, skeletal muscle (hamstring), visceral fat, and liver were harvested from the animals. Liver mRNA from five mice was profiled from each group.
Four core genotype (FCG) mice
In mice of the FCG, the Y chromosome is deleted for the testisdetermining gene Sry, producing the Y Ϫ chromosome (31) . The Sry transgene is inserted onto an autosome, so that testis determination is independent of the complement of sex chromosomes. XY Ϫ Sry gonadal males are bred with XX gonadal females, producing progeny with four different genotypes: two types of gonadal males (XXSry and XY Ϫ Sry) and two types of gonadal females (XX and XY Ϫ ). The FCG model allows comparison of gonadal males and females independent of their sex chromosome complement, or XX and XY Ϫ independent of their gonadal type. The FCG mice for this study were C57BL/6J, produced by backcrossing the Y Ϫ chromosome and Sry transgene from MF 1 to C57BL/6J for 10 -11 generations. The Y Ϫ chromosome derives from strain 129. C57BL6/J mice (n ϭ 5) from each of the above groups were fed normal chow diet. At 8 wk, the mice were GDX (to eliminate the effect of the gonadal hormones) and killed at 12 wk. Liver mRNA of each of these groups (n ϭ 5 per group) were profiled.
Analysis of differential expression
Gene expression levels of pairs of treatment groups were compared using a one-way ANOVA. To control for false discovery, we used the Q-value software and an estimated 10% false discovery rate (FDR) threshold for all ANOVA results. Genes that passed an FDR of 10% were considered as being differentially expressed between the two groups compared (32, 33) .
Power calculations to detect gene expression differences between males and females
For each gene that showed differential expression between males and females in the F2 population of the BXH ⅐ ApoE Ϫ/Ϫ cross, we wanted to compute the number of animals that would be required to identify differential expression in an independent study. The formula for computing n, the number of mice needed to observe differential expression of a gene between any two groups is given by n ϭ (Z ␣/2 ϩ Z ␤ ) ϫ ( g1 ϩ g2 ) 2 / 2 , where ␣ and ␤ are the probabilities associated with type I and type II errors, g1 and g2 refer to the two groups (in this case, male and female F2 samples in the BXH ⅐ ApoE Ϫ/Ϫ cross), refers to SD of gene expression in each group, and refers to the difference in the means of gene expression values between the two groups. For each of the genes that was differentially expressed between the males and females of the F2 samples in the BXH ⅐ ApoE Ϫ/Ϫ cross with ANOVA P value of Յ 0.01, we computed n, taking ␣ to be 0.05 and ␤ to be 0.2, where power ϭ 1 Ϫ ␤ ϭ 0.8. Of the 12,789 genes differentially expressed between males and females of the BXH ⅐ ApoE Ϫ/Ϫ F2 animals, n was found to be Յ5 (study sample size) for 70 genes, indicating that our current study was underpowered to detect many of the sexually dimorphic gene expression patterns observed in the earlier cross where the sample sizes were much larger (34) .
Construction of weighted gene coexpression networks and modules
Four thousand probe sets were selected for network analysis based on high variance across the BXH ⅐ ApoE Ϫ/Ϫ F2 mouse population. Gene expression data from mice with complete genotype data and at least 95% complete phenotype and array data were used.
We used the general framework of weighted gene coexpression network analysis presented in the study by Zhang and Horvath (20) . The absolute value of the Pearson correlation coefficient was calculated for all pairwise comparisons of gene expression values across all microarray samples. The Pearson correlation matrix was transformed into an adjacency matrix A, a matrix of connection strengths by using a power function (␤). Microarray data can be noisy, and the number of samples is often small, so we weight the Pearson correlations by taking their absolute value and raising them to the power ␤. Thus, the connection strength (adjacency) a(i,j) between gene expressions x i and x j is defined as
The network connectivity k i of the ith gene expression profile x i is the sum of the connection strengths with all other genes in the network. The network connectivity k i represents a measure of how correlated the ith gene is with all the other genes in the network.
The resulting weighted network represents an improvement over unweighted networks based on dichotomizing the correlation matrix because 1) the continuous nature of the gene coexpression information is preserved and 2) the results of weighted network analyses are highly robust with respect to the choice of the parameter ␤, whereas unweighted networks display sensitivity to the choice of the cutoff.
To determine the power ␤ used in the definition of the network adjacency matrix, we made use of the fact that gene expression networks, like virtually all types of biological networks, have been found to exhibit an approximate scale-free topology (20 -27) . To choose a particular power ␤, we used the scale-free topology criterion described in Zhang and Horvath (20) , which led us to the following choices for the power ␤: for female and male in adipose, 6 and 6; brain, 5 and 5; liver, 3.3 and 4; and muscle, 11 and 8, respectively. The next step in network construction is to identify modules, which were defined as groups of genes with high topological overlap (20 -27) . The use of topological overlap serves as a filter to exclude spurious or isolated connections during network construction. Using the topological overlap dissimilarity measure (1 Ϫ topological overlap) in average linkage hierarchical clustering, the modules were defined as branches of the resulting dendrogram.
Analysis of coexpression network correlation to metabolic and genetic traits
To determine coexpression networks trait correlations, the module eigengene was correlated to metabolic traits, and the module gene significance was determined. The module eigengene is the first principal component (pc1) of gene expression of each module and explained most of the variance in gene expression of each module in this study (25, 26) . The analysis was performed on the same set of genes that clustered to-gether in both males and females. Gene significance was calculated as the average absolute value of the correlation between gene expression profile of each module and clinical trait.
Two modules in adipose and liver tissue were correlated with metabolic traits. The pc1 of the adipose blue module explained 44% of the gene expression variance in females and 51% in males, and the pc1 of the liver green module explained 39% of the variance in females and 47% in males. The threshold of significance of correlation between the pc1 of the module and metabolic trait was 0.30 at a P value of 0.05 for any module, given n ϭ 135 after correcting for multiple comparisons.
Expression QTL (eQTL) were determined by using the transcript abundance of each gene as a quantitative trait and correlating them to genetic markers to map gene eQTL (25) .
Coexpression network t-statistic scores
We used the software Significance Analysis of Microarrays to identify differentially expressed genes (35) . The modified t test score was chosen such that the resulting gene list had a median 5% FDR. Specifically, we used the following thresholds for determining differentially expressed genes between males and females: brain, 1.16; liver, 0.76; adipose, 0.58; and muscle, 0.96.
Gene enrichment analysis using DAVID software
Each network module was analyzed separately for pathway enrichment by the use of the Expression Analysis Systemic Explorer (EASE) software, which was downloaded from the Database for Annotation, Visualization, and Integrated Discovery (DAVID) website (36, 37) . Fisher's exact test was used to determine whether enrichment in pathway genes within the module is significant; we report Fisher exact P values and the multiple-testing corrected P values (Bonferroni).
Differential network analysis
Differential expression and connectivity was constructed using the method described in Fuller et al. (26) . Briefly, the whole-network connectivity in networks 1 and 2 is denoted by for the ith gene, k 1 (i) and k 2 (i), respectively. To compare the connectivity measures of each network, we divide the connectivity of each gene by the maximum network connectivity:
Next we define a measure of differential connectivity as Diff
, but other measures of differential connectivity could also be considered. A permutation test was performed to determine statistical significance of observing genes with k Ͼ 0.2 differential connectivity by permuting the sex assignment and repeating the permutation process 1000 times (number of permutations ϭ 1000).
Gene coexpression network software
The statistical analysis was carried out with the R software (http:// www.R-project.org). The statistical code for generating the weighted gene coexpression network, which also serves as a tutorial, can be found at http:// www.genetics.ucla.edu/labs/horvath/CoexpressionNetwork/ (20).
Visualization of network module
The method by Oldham et al. (23) was used to identify which pairs of genes are connected within the network structure. The network structure of approximately 66 genes found on supplemental Table 8S was determined by the pairwise topological overlap value and depicted by VisANT integrative visual analysis tool software (38) .
Results
Molecular mechanisms of sexually dimorphic gene expression
We investigated the role of gonadal hormones and sex chromosome complement, XX vs. XY, to determine the molecular mechanisms underlying the profound sexual differences in gene expression observed in our previous study (18) . We analyzed the liver gene expression of GDX mice treated with E2, DHT, or placebo and the FCG mice to evaluate the effects of the sex chromosomes in the absence of gonads (Table 1) .
First, we determined the degree of overlap between the sexspecific differentially expressed genes of this study and our previous study of the BXH ⅐ ApoE Ϫ/Ϫ F2 mice cross (18) . We detected 2597 genes differentially expressed between gonadally intact males and females compared with our previous study where we observed 17,834 differentially expressed genes between males and females in the liver tissue of the F2 BXH ⅐ ApoE Ϫ/Ϫ F2 mice cross (supplemental Table 1S ) (18) .
The difference in gene number is most likely due to the difference in statistical power of the two studies. In this study, we used a sample size of five in each treatment group, in contrast to the sample size of 165 males and 169 females in our previous report. Given the mean and SD of gene expression and sample size from males and females in each study, we calculated that the current study would be powered to detect sex differences in 2834 genes. Indeed, the current study detected 91% of that number, or 2597 genes, which overlapped significantly with the 17,384 differentially expressed genes of the BXH ⅐ ApoE Ϫ/Ϫ F2 animals (P ϭ 4 ϫ 10 Ϫ136 ) (supplemental Table 1S ). The strong overlap of differentially expressed genes between the two studies indicates that the sexual dimorphism in liver gene expression of the F2 mice lacking ApoE in the previous study and in the parental mice with a functional ApoE is comparable.
Effects of gonadectomy on sexually dimorphic gene expression
To study the hormonal effects, we analyzed the liver gene expression of the GDX mice treated with DHT, E2, and placebo. Between the GDX males and females treated with placebo, we detected 12 differentially expressed genes (supplemental Table  1S ). This gene number was considerably fewer than the 2597 genes that were differentially expressed between gonadally intact males and females, indicating that the activational effects of gonadal secretions account for most of the sex differences found in gonadally intact mice, and very few expression differences remain in the livers of adult mice when gonadal hormones are absent. The few genes whose expression levels are different between the sexes after gonadectomy may be due to the long-lasting developmental effects of the hormones or the sex chromosomes. Moreover, the near absence of sex differences after gonadectomy does not rule out finding differences due to organizational or sex chromosome effects when those variables are manipulated directly.
In general, genes that were differentially expressed between gonadally intact males and females, between GDX and gonadally intact mice, or between GDX mice treated with placebo or gonadal hormones overlapped significantly with the genes that were sexually dimorphic in the BXH ⅐ ApoE Ϫ/Ϫ F2 animals (supplemental Table 1S ). The strong overlap between the studies reflect the significant role the gonadal hormones play in driving the sexual differences in liver gene expression in the adult, gonadally intact, mice.
Effects of gonadal hormones on sexually dimorphic gene expression in males
To further investigate the effects of gonadal hormones on gene expression in males, we identified genes that were differentially expressed between GDX males treated with placebo and gonadal hormones. Specifically, by comparing the expression changes in GDX males brought about by treatment of either DHT or E2 relative to placebo, we examined whether these treatments reverse the gene expression changes brought about by gonadectomy. There were 4297 genes differentially expressed between intact males and GDX males treated with placebo, 1248 genes differentially expressed between intact males and GDX males treated with DHT, and 1825 genes differentially expressed between intact males and GDX males treated with E2. There was strong overlap of these sets of differentially expressed genes with the sexually dimorphic genes from the BXH ⅐ ApoE Ϫ/Ϫ F2 mice (P ϭ 10 Ϫ23 to 10 Ϫ173 ) (supplemental Table 1S ).
There were 592 genes differentially expressed between GDX males treated with placebo and GDX males treated with DHT, whereas 64 differentially expressed genes were detected between GDX males treated with placebo and GDX males treated with E2. Of the 4297 genes that are differentially expressed between intact males and GDX males with placebo, 359 overlap with this set of 633 genes that are differentially expressed in GDX males upon DHT or E2 treatment (P ϭ 10 Ϫ96 ).
Effects of gonadal hormones on sexually dimorphic gene expression in females
We identified genes that were differentially expressed between GDX females treated with placebo and gonadal hormones. There were no significantly differentially expressed genes detected between intact females and GDX females with placebo at a 10% FDR. Although this observation is surprising, this could be due to the heterogeneity of gene expression patterns in the intact females as a result of cycling estrogen and progesterone levels. Based on an expression hierarchical clustering of all the animals profiled in this study, the intact females appear more heterogeneous relative to intact males (data not shown). Alternatively, the level of estradiol in the intact females may have been relatively low.
There were 30 differentially expressed genes detected between intact females and GDX females treated with E2, and 1858 were differentially expressed between intact females and GDX females treated with DHT. We observed nine genes that were differentially expressed between GDX females treated with placebo vs. E2, whereas 1392 differentially expressed genes between GDX females treated with placebo vs. DHT, which overlapped significantly with the dimorphic genes in the BXH ⅐ ApoE Ϫ/Ϫ F2 animals (P ϭ 4.4 ϫ 10 Ϫ27 ).
Comparison of the effects of DHT and E2 on sexually dimorphic gene expression Gene expression differences between GDX mice treated with placebo and GDX mice treated with gonadal hormones suggest that DHT may have a larger influence on liver gene expression compared with E2 in driving sexually dimorphic gene expression. Analysis of GDX males treated with placebo vs. DHT shows that 592 genes differed in expression, whereas only 64 were differentially expressed between GDX males with placebo vs. E2 (supplemental Table 1S ). A similar difference was found in GDX females where nine genes were differentially expressed between GDX females treated with placebo vs. E2 and 1392 genes with DHT. However, in this study, we have compared one dose of DHT and E2, which might not have achieved comparable physiological levels of hormone.
Functional significance of hormone regulated sexually dimorphic genes in liver
We determined the general functions of the sexually dimorphic genes of the male and female mice treated with or without gonadal hormones using the pathway enrichment analysis of Gene Ontology (GO) and Panther Pathways. Most of the comparisons yielded differentially expressed genes enriched for biological pathways involved in lipid and steroid metabolism (P Ͻ 0.01) (supplemental Table 1S ) (39) .
Effects of sex chromosome complement on sexually dimorphic gene expression
To further study the effect of sex chromosomes on gene expression, we examined mice of the FCG, in which the testisdetermining Sry gene is genetically moved from the Y chromosome to an autosome by deletion and transgenic insertion. The model produces four groups of gonadally intact mice (XX and XY males; XX and XY females), allowing for comparisons of the independent and interacting roles of gonadal hormones and sex chromosome complement (Table 1) (8) .
To eliminate the activational effects of the gonadal hormones on gene expression, the FCG mice were GDX at 8 wk. We compared male XY to male XX and female XX to female XY group, where male and female are defined by gonadal sex at birth. We detected fewer than 10 genes that were differentially expressed in XX vs. XY in both the male and female groups.
These results indicate that few genes are regulated by the complement of sex chromosomes when gonadal hormones are absent. In addition, the sex differences in liver gene expression found in gonadally intact adult mice are mostly explained by genes that show regulation by gonadal hormones rather than by the genes that are regulated by sex chromosome complement in GDX mice.
Even though the FCG animals were GDX before profiling, differences in gene expression were observed between males and females with the same sex chromosome status. We observed 552 genes that were differentially expressed between males and females with the XX genotype, and eight genes differed in expression between males and females with the XY genotype. Because the mice had no gonads, the sex differences reflect either direct effects of Sry on the liver or the enduring organizational effects of gonadal secretions before the time of gonadectomy (12) . Interestingly, of the 552 differentially expressed genes between XX males and females, 142 overlapped with the 1880 differentially expressed genes between GDX mice treated with placebo vs. gonadal hormones (P ϭ 1.2 ϫ 10 Ϫ33 ). The overlap suggests some of the differences between males and females with same sexchromosome status are due to the enduring effects of gonadal secretions. The direct effects of Sry on the liver are not tested independently in the FCG model because XX and XY mice of the same gonadal sex do not differ in the presence of Sry.
Gene coexpression networks in males and females
We next explored the large-scale organization of gene expression to characterize the gene network properties that are preserved between the two sexes or are sex specific. In addition, we investigated the sex-specific gene networks in relation to metabolic and genetic traits as well as determined whether these networks are influenced by the same molecular mechanisms that affect sexually dimorphic gene expression, detailed above, namely the gonadal hormones.
We constructed gene coexpression networks to detect the architectural differences underlying gene expression between male and female mice. To generate the networks, we used microarray data from the F2 intercross BXH ⅐ ApoE Ϫ/Ϫ (17, 18) . The genetic perturbations regulating gene expression in the cross allowed us to identify genes with common patterns of expression, termed modules, in which the network nodes represent gene transcripts and the edges are the degree of connectivity of transcript abundance among F2 mice. For each gene, the connectivity is defined as the sum of connection strengths (k), determined by the pairwise correlations of gene expression levels across microarray samples, with the other network genes. In coexpression networks, the connectivity measures how correlated a gene is with all other genes; thus, a network module consists of a cluster of highly correlated, connected genes (40 -44) . For each tissue, we selected 4000 genes for the network analysis exhibiting the highest variance of expression across the mouse population. Male and female networks of adipose, brain, liver, and muscle tissue were constructed in parallel. A plot of the topological overlap matrix depicting the gene coexpression networks between male and female within adipose, brain, liver, and muscle tissue is shown in Fig. 1 . The heat map of the topological overlap matrix plot reflects the degree of gene expression correlation within each module identified by color. The module color of the genes in the female network was assigned to the genes in the corresponding male network to visualize the overall high network preservation between males and females. In general, modules found in one sex were also present in the other sex. For example, the large red module found in female muscle was also found in male muscle (Fig. 1) . To further investigate the degree of network preservation between male and female, a percent score was calculated to determine the number of genes clustered within the modules that were retained between male and female (supplemental Fig. 1S ). Modules were clustered based on degree within the network, and the percent overlap of the male and female module is shown by increasing color intensity depicting higher percent preservation.
Consistent with the results of the overall gene coexpression network of each tissue, the gene content of network modules was largely preserved between males and females, although the degree of preservation varied across tissues. The network preservation as depicted in the pattern of Fig. 1S is reflected in the large number of dark blue boxes depicting modules in which a high percentage of genes in a module of one sex is found also in a corresponding module of the other sex. Here, high preservation is defined as more than 50% overlap of genes in the female module that clustered with the same genes in the male module, and vice versa. In brain and muscle, 88 -94% of the modules were highly preserved between males and females. The adipose and liver tissues were the least preserved of all the tissues. Approximately 61-69% of the adipose and 53-84% of the liver modules, respectively, was preserved between males and females (Table 3S) .
The threshold of significance of the gene overlap of modules between males and females was based on an enrichment analysis using the Fisher's exact test (Table 3S) . Specifically, we determined for each module which module of one sex was enriched in genes found in a module in the opposite sex. The majority of the modules in all the tissues significantly corresponded to a module in the opposite sex. Significant network preservation of a Bonferroni-corrected P Ͻ 10 Ϫ50 threshold was observed for 50% of the modules in adipose, 61% in brain, 41% in liver, and 31% in muscle. Although it appears the muscle tissue was not significantly preserved, most of the genes in the male and female network fell into four large modules ranging from 312-1538 genes, with a P Ͻ 3.61 ϫ 10 Ϫ86 to P Ͻ 3.15 ϫ 10 Ϫ316 , compared with the liver tissue where modules were evenly disbursed among 39 -909 genes. These results show that the overall gene coexpression network between males and females are highly preserved across tissues, indicating that the same modules of genes that are highly connected in one sex are also highly connected to each other in the other sex. However, the degree of preservation varied between tissues, being greatest in the brain and muscle tissue and least in adipose and liver ( Fig. 1 and supplemental Fig. 1S ).
Network connectivity between males and females
In addition to comparing general network properties between male and female tissues, we also asked whether the gene connectivity within the network is preserved. For each tissue, female gene connectivity was correlated with male gene connectivity. The relationship between connectivity (k) in the female network and that in the male network is depicted in Fig. 2S and Table 4S ; genes in the male network are assigned female module colors. Overall correlation (Pearson correlation coefficient) of gene connectivity within each tissue was as follows: adipose tissue r ϭ 0.67, liver r ϭ 0.56, brain r ϭ 0.92, and muscle tissue r ϭ 0.96
Ϫ16 for all tissues). The greater correlation coefficients in brain and muscle suggest greater similarity between the sexes of gene network interactions in these two tissues relative to adipose and liver. To assess the extent of preservation of individual modules, we also determined the correlation of gene connectivity of the preserved modules in all the tissues. All the preserved modules had high significant correlation (P Ͻ 5.7 ϫ 10
Ϫ3
) of gene connectivity with the exception of one module (red) in the adipose network and one module (white) in the muscle tissue (Table 5S) .
Network hub genes between males and females
To determine whether the most connected genes (network hubs) are preserved, we compared male and female genes with the highest connectivity index (k). A percent score was used to reflect the degree of preservation between male and female hubs. The percent overlap of male and female hub genes across all modules of the top 10 and 25% most connected genes are depicted in supplemental Fig. 3S . In adipose tissue, 45 or 57% of the hub genes (10% most connected and 25% most connected, respectively) were common to male and female. In liver tissue, there was a 45 or 51% preservation of hub genes in both male and female. In muscle, 61 or 66% of the genes were preserved, and in brain, 56 or 70% of the hub genes overlapped between male and female. These results indicate that the hub genes are highly preserved in all the tissues.
Differential network analysis between male and female
To explore how sex bias in gene expression relates to gene connectivity, the differences of gene expression (differential expression) and gene connectivity (differential connectivity) were integrated. To measure differential gene expression between male and female mice, we used the Student's t test statistic. The difference in gene connectivity (k) between male and female mice was used as a measure of differential connectivity, and a threshold of significance was established. Differential connectivity, defined as the connectivity of each gene in the female network subtracted from the connectivity of the corresponding gene in the male network allowed us to determine which gene is more connected in one sex compared with the other. A permutation test was performed to determine statistical significance of observing genes with k Ͼ 0.2 differential connectivity and Student's t test (q value FDR 5%) was used to determine the statistical significance of differential gene expression (26) .
In Fig. 2 , the differential connectivity (x-axis) and differential expression (y-axis) are shown for all tissues, along with the differential connectivity P values for each sector. The data points are individual genes that are colored according to their assigned module. The left sectors (1, 7, and 8) indicate higher connectivity in male than female, and the right sectors (3-5) indicate higher connectivity in female, whereas the top sectors (1-3) show genes with higher gene expression in males than females, and the lower sectors (5-7) show great gene expression in females. Thus, the upper left sector (1) reflects male bias for both gene expression and gene connectivity, whereas the lower right sector (5) indicates female bias for both those characteristics.
In adipose tissue, the blue module (sectors 1-7) was enriched for genes with both male and female-biased gene expression, but with high connectivity in males. The green module (sector 3) was primarily enriched for female-biased gene expression and higher female gene connectivity but also contained male-biased gene where increasing color intensity depicts higher correlation (r). Thus, each row or column of this plot represents the connectivity strength of a single gene within the network, with increasing color intensity depicting higher connectivity (higher correlation with other gene's expression pattern across animals). To visualize the degree of network preservation between males and females, the genes in the male modules were identified as the color of the genes in the female network. Modules were composed of genes with high topological overlap (similar patterns of correlated expression with other genes). The group of genes with low connectivity is colored beige. The plots show that genes within modules have high correlation of expression across mice, which appear as box-like clusters of high heat (high correlation). A, Adipose tissue; B, brain tissue; C, liver tissue; D, muscle tissue.
expression. In liver tissue, there was primarily one module, cyan (sector 1), which was distinctly different from other modules because of its high male bias in gene expression and higher connectivity in males. The blue, red, and yellow liver modules (sectors 3-5) showed higher female gene connectivity as well as high female and male-biased gene expression. Brain tissue consisted of one module (red) spanning sectors 1, 7, and 8, which reflected both female and male biased gene expression but primarily higher male gene connectivity. Enrichment for female gene connectivity was observed in the pink and green modules in brain (sectors [3] [4] [5] . Lastly, in muscle tissue, modules with high differential connectivity were not observed for either sex.
Integrating the differential gene expression with connectivity allowed us to determine whether gene transcript abundance affects the organization of gene expression. Despite the large-scale differences in gene expression between males and females, gene connectivity was still largely preserved. Nevertheless, the distributions of genes sorted by differential expression and connectivity showed striking tissue-specific patterns and allowed for the identification of modules with sex-specific patterns.
Network correlation with metabolic traits between males and females
We examined how gene networks differ between males and females in relation to biological traits using a similar method described in the study by Ghazalpour et al. (25) using this same dataset. We used the principal component (pc) of gene expression of each module and correlated each of the metabolic traits measured. Briefly, we defined the module eigengene as the first principal component of the module expressions. The module eigengene can be considered the most representative gene expression in a module, because it captures most of the variance explained. In addition, for each clinical trait, we defined a measure of gene significance (gs) as the absolute value of the correlation between gene expression profile of each module and the clinical trait. Module significance was determined as the average gene expression correlation for all genes in a given module. This measure is highly related to the correlation between module eigengene and the trait.
We detected modules of the adipose and liver correlated to metabolic traits but no trait correlations with modules of the brain or muscle tissue were observed (Fig. 3 and supplemental Table 6S ). Although the study by Ghazalpour et al. (25) also detected a liver module correlated with metabolic traits, the analysis was performed only in the female network with a different set of genes and primarily focused on the network analyses of one module. We observed a sexually dimorphic module in the adipose and liver network correlated to metabolic traits. The adipose blue module was strongly correlated with traits related to body fat, lipid, and atherosclerosis in both males and females. In adipose, the pc of the blue module was highly correlated to body weight in both males and females (r ϭ 0.63-0.73) as well as total cholesterol, aortic lesions, and the monocyte chemotactic protein-1 (MCP-1), a marker for inflammation (r ϭ 0.31-0.37). Correlations with the adipose blue module and abdominal fat, insulin, and leptin were also observed but were more correlated in females (r ϭ 0.51-0.57) than in males (r ϭ 0.34 -0.4). The liver green module was correlated to body fat, glucose, and triglycerides in females but not in males. Abdominal and total fat was strongly correlatedwiththefemalelivernetwork(rϭ0.5-0.57)comparedwith the male network (r ϭ 0.1-0.14); glucose and triglycerides was more correlated with the female network (r ϭ 0.34-0.39) than the males network (r ϭ 0.09-0.25). However, the liver green module was highly
FIG. 2.
Differential expression and differential connectivity profiles between males and females. The difference between male and female connectivity was calculated by subtracting female connectivity (k) from male connectivity (k), and threshold for significance was determined by a permutation test (P values) (vertical lines). Differential gene expression was measured by Student's t test, threshold for significance based on 5% FDR (q value) (horizontal lines). Differential connectivity is depicted on the x-axis, where male differential connectivity is on the left (negative) and female differential connectivity is on the right (positive). Differential expression is depicted on the y-axis, where male differential expression is on the top (positive) and female differential expression is on the bottom (negative). A, Adipose tissue; B, brain tissue; C, liver tissue; D, muscle tissue.
correlated to weight and leptin (r ϭ 0.4-0.65) as well as total cholesterol and insulin (r ϭ 0.31-0.41) in both males and females.
Genetic regulation of male and female networks
In previous studies, sex differences in gene eQTL have been observed reflecting sex-specific gene regulation (13) (14) (15) (16) (17) . To examine the chromosomal loci regulating the networks between male and female mice , we screened the sex-specific modules for eQTL (Fig.  4, A and B, and supplemental Fig. 4S ). The sex-biased modules consisted of genes that were highly connected in one sex and not the other as detected by the differential network connectivity analysis (Fig. 2) . The transcript abundance of each gene in the sex-biased module was then used to detect its corresponding QTL. We also calculated the principal component of the transcript abundance of the sex-biased module to determine how the module relates to the QTL as a whole.
In adipose tissue, the blue module of the female network consisted of striking eQTL hotspots on chromosome 1 and 7, whereas in the male network, eQTL hotspots were observed on chromosomes 8 and 11 (Fig. 4A) . A similar result was found when the LOD score of the principal component of the same modules was determined (supplemental Fig. 4S) ; the female blue adipose module had LOD higher than 6 for chromosome 1, and the same module in males showed LOD higher than 4 for chromosome 8. In the liver tissue, the cyan module of the male network showed enrichment for eQTL on the X chromosome but no strong eQTL were found for the equivalent module in the female network (Fig. 4B) .
In brain and muscle tissue, strong sex-specific eQTL hotspots were not observed. The sex differences in the QTL detected of the adipose and liver module provide evidence for genetic locations that perturb networks in a sex-specific manner.
Networks enriched for genes driven by sex hormones
In addition to determining whether sexually dimorphic coexpression network modules may be involved in certain biological pathways, we examined modules for enrichment of genes whose expression was differentially affected by gonadal hormones. Differentially expressed genes between the GDX mice treated with placebo compared with GDX mice treated with E2 and DHT (P Ͻ 0.01) were screened for module enrichment in the liver tissue. Genes belonging to the cyan module of the liver tissue with the highest connectivity in male (shown in Fig. 2, sector 1) were largely the same set of genes significantly affected by both the presence of the testes and DHT (P ϭ 5.6 ϫ 10 Ϫ28 ) (Tables 2   and 3 ). Similar network enrichment was also observed in the GDX female mice treated with DHT. Genes affected by the presence of ovaries and E2 were not strongly enriched for any modules, which was not surprising because highly connected female modules were not observed in the liver tissue.
Discussion
Males and females are affected by different patterns of disease manifestation and progression, but how these differences are biologically determined remains to be elucidated. In our recent study, we identified thousands of genes differentially expressed across tissues under the control of sex-specific QTL hotspots (18) . In this report, we investigated sexual dimorphism of gene expression at the molecular level and explored gene coexpression networks between males and females. To our knowledge, this is the first study to ask whether sexual dimorphisms can be detected at the level of global gene expression networks, rather than simply at the level of expression of individual genes. These analyses provide new perspectives on sex-specific organization of gene networks and their regulation and relationship to clinical traits. The major conclusions that emerged from our study are: 1) in the liver tissue, many differences in gene expression between males and females can be attributed to the acute effects of gonadal hormones acting in adulthood; 2) relatively few sex differences in liver are explained by direct effects of the sex chromosome genes; 3) although the difference in gene expression typically does not influence the overall pattern of gene connectivity in the two sexes, in some cases, they result in dramatic effects on modules in coexpression networks, particularly in liver and adipose and to a lesser extent in muscle and brain; and 4) certain sex-specific modules are clearly associated with clinical traits as well as chromosomal loci regulating these networks; 5) We have identified at least one module in liver (cyan) that shows male-specific expression and connectivity and is largely composed of genes that respond directly to androgens in adulthood.
We explored the molecular basis of sexually dimorphic gene expression by investigating the effects of gonadal hormones and sex chromosomes on gene expression. We observed 2597 genes differentially expressed between gonadally intact males and females in liver tissue that were highly enriched for the sexually dimorphic genes observed in the liver tissue of the BXH ⅐ ApoE Ϫ/Ϫ F2 mice cross (P ϭ 4.1 ϫ 10 Ϫ136 ) (18) . In addition, the genes that were differentially expressed between the intact and the GDX mice, treated with or without gonadal hormones, overlapped significantly with the genes that were sexually dimorphic in the BXH ⅐ ApoE Ϫ/Ϫ F2 animals, indicating that gonadal hormones play a strong role in sexual dimorphism of gene expression. The gonadal hormone effects were observed to be larger with the treatment of DHT in either sex, and thus the hormone effects are likely mediated by androgen receptors. The number of genes that were differentially expressed between GDX mice treated with placebo vs. DHT were much higher than the number of genes that were differentially expressed between GDX mice treated with placebo vs. E2. The genes affected by DHT were primarily enriched for genes involved in pathways for lipid and steroid metabolism (supplemental Table 1S ). In addition to studying the effects of gonadal hormones on sexually dimorphic gene expression, we measured the role of the sex chromosomes on gene expression. We detected eight differentially expressed genes between XX and XY males, and no genes were differentially expressed between XX and XY females. These results suggest that compared with the gonadal hormones, the sex chromosomes play a modest role in driving differential gene expression in liver between adult males and females. Because the sex chromosome effects were measured The genes in a male sex-specific liver module of the BXH ⅐ ApoE Ϫ/Ϫ F2 cross were screened for liver genes differentially expressed between mice with or without gonadal hormones (P Ͻ 0.01). Degree of enrichment was measured by the Fisher exact test within the EASE software. NS, Not significant.
in GDX mice, it is conceivable that more sex chromosome effects would occur in mice that have higher levels of gonadal hormones. For example, some effects of X or Y genes might occur only when androgens or estrogens are present. This analysis provides some evidence for interactions between sex chromosome complement and gonadal sex, suggesting that some hormone effects differ in XX and XY mice.
Next, we investigated the organization of gene expression between males and females. This analysis allowed us to identify genes as well as gene coexpression networks that are highly con- 
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Approximately 16% of the cyan module consisted of genes that were highly differentially connected and expressed in males (P Ͻ 0.05), and 79% of these genes were enriched for differentially expressed genes affected by DHT. Fold change indicates the difference of the transcript abundance between GDX males treated with DHT, and the hormone differential expression is the P value between the treatment groups. Differential connectivity (k) is the difference between male and female connectivity. Sex differential expression (t score) reflects the difference between the means of the transcript abundance between males and females. Degree of enrichment was measured by the Fisher exact test within the EASE software.
nected in one sex but not the other, providing evidence for a sex-specific functional relationship. Sexually dimorphic gene coexpression networks were identified by the degree of differential gene connectivity between males and females and subsequently characterized in relation to genetic and physiological traits. Although sexually dimorphic modules were observed in all tissues, the coexpression networks of adipose and liver tissue were highly enriched for modules with striking sex differences compared with brain and muscle. These results are not unexpected, because both adipose and liver are endocrine-responsive organs that interact with sex hormones. For example, Cyp19a1, the aromatase involved in estrogen regulation in both adipose and liver tissue, was identified as a hub in the adipose network in females but not in males (9) . The high degree of network preservation of brain tissue was somewhat unexpected, because it is a well-documented sexually dimorphic organ (6) . Sexual dimorphism has been reported in specific brain regions, such as the hypothalamus (45) . Because the brain is very heterogeneous with respect to gene expression, examination of the entire brain may have resulted in a loss of power to identify sex-specific expression patterns. Among all tissue, the muscle network showed the greatest preservation of module composition between the sexes, suggesting similar overall function in male and female muscle. These observations indicate that the gene clustering of modules of these coexpression networks are highly preserved between males and females but that the degree of preservation is tissue-specific ( Fig.  1 and supplemental Fig. 1S ). We determined whether the preservation observed in the overall tissue network extended to gene connectivity and the hub genes. We observed a high number of sexually dimorphic hub genes in adipose and liver compared with brain and muscle tissue. Approximately 50% of the hub genes in adipose and liver were identified as a hub gene in one sex but not the other compared with 34% of the hub genes in brain and 30% in muscle (supplemental Fig. 3S ).
Our analyses based on network connectivity and differential expression allowed us to detect three sex-specific gene coexpression modules in adipose (male, blue; female, blue and green), five sex-specific modules in liver (male, green and cyan; female, blue, red, and yellow), three sex-specific modules in brain (male, red; female, pink and green) but no sex-specific modules in muscle (Fig. 2) . Some modules had high sexually dimorphic gene connectivity and high differential expression, but the majority showed sex-biased differential expression but not differential connectivity (females, k Ͻ 0.2; males, k Ͼ Ϫ0.2; Fig. 2 ). These results indicate that gene coexpression networks are preserved between males and females despite a higher or lower abundance of gene transcript between the sexes. Therefore, a significant sex difference in gene expression does not necessarily lead to a difference in the organization of the gene expression network between males and females. Although the majority of gene coexpression networks consisted of the same genes that clustered together in both males and females, modules with highly differentially connected genes were detected. The preserved modules consisting of genes that are more connected in one sex compared with the other imply that the network connectivity is sexually dimorphic. To illustrate this observation, we used the VisANT visual analysis tool to depict the network structure of a module made up of correlated genes in both males and females but are sex-specifically differentially connected (Fig. 5) . This module consists of the same group of correlated genes in both the male and female liver network (Fig.  2, sector 1 , and supplemental Table 8S ); however, the male module is more connected than the female module as reflected in the number of genes with at least 40 connections in the male network compared with the female network consisting primarily of genes with fewer than 40 connections.
We characterized these sexually dimorphic gene coexpression networks further by measuring the correlation of genetic and metabolic traits in males and females ( Fig. 3 and supplemental Table 6S ). The adipose blue module was significantly correlated with metabolic traits such as body weight, leptin, and insulin (r Ͼ   FIG. 5 . Visualization of sex-specific differentially connected genes of the liver cyan module (Fig. 2, sector 1) . These genes were also enriched for differentially expressed genes affected by DHT. Genes with 40 or more connections are identified by the larger nodes as seen primarily in the male network, and genes with fewer than 40 connections are identified by the smaller nodes as seen primarily in the female network. (Fig. 3) and genetic loci in both sexes (Fig. 4A) . These results are not surprising because the blue module is highly enriched for genes known to be involved in metabolism and obesity, including leptin, lipin, USF1, and PPAR-␣, as well as genes involved the inflammatory response, biopolymer metabolism, catalytic and GTPase regulator activity (Table 4) (46) .
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The QTL detected for this adipose module in males and females were on different chromosomes (Fig. 4A) . These QTL results indicate that the blue module, which is made up of highly differentially connected genes and is strongly correlated to metabolic traits, is also regulated by genes on different chromosomes in the male and female adipose network. These QTL sex difference results are further evidence that by integrating sex as a covariate when evaluating QTL may increase the power to detect genes underlying complex genetic traits (13) (14) (15) (16) (17) .
Our analysis also uncovered a sex-specific gene network in the liver tissue. The cyan module showed strong differential expression and connectivity in males (Fig. 2, sector 1, and Fig. 5 ) and was highly enriched for genes affected by gonadal hormones. The module was not significantly correlated with any metabolic traits nor did it have any module QTLs (data not shown), but it did consist of eQTLs on the X chromosome in males (Fig. 4B) . These results reiterate the findings from the sex chromosome complement analysis in our study, where genes on the sex chro- mosome could influence or be influenced by gonadal secretions. In addition, genetic variation on the X chromosome may cause differences in the expression of its genes in cis (genetic variation in one locus that drives differences in expression of genes on or near that locus), which subsequently act in trans (genetic variation in one locus that drives differences in expression of genes distant from that locus) to affect the autosomal genes of this module. The regulation by the X chromosome in males but not females may reflect the hemizygous exposure of X alleles in males, so that variation in the effects of X alleles is more pronounced in males than in females. The cyan module was enriched for genes involved in carboxyl and serine esterase activity and endoplasmic reticulum, which included genes involved in spermatogenesis, such as the activator of CREM (Fhl5), zona pellucida glycoprotein 3 (Zp3), sperm-associated antigen 16 (Spag16), and Y-box protein 2 (Ybx2) as well as hormone-related genes such as esterase 31 (Es31), hydroxysteroid dehydrogenase-5 (Hsd3b5), and cytochrome P450 (Cyp26b1 and Cyp7b1), which are known to be regulated by the sexually differentiated GH (Table 3 ) (19) . Although most of the genes in this network have not been well annotated, we speculate that the genes may be regulated by a common transcription factor influenced by gonadal hormones. Thus, the cyan module in liver is an androgensensitive group of genes that show male bias in expression and network connectivity, which are driven more in males than females by genetic variation on the sex chromosomes. The X chromosome is expected under some conditions to be enriched for genes that play a role in male-specific functions (47) .
In conclusion, using a constellation of global network and linkage analysis tools, we identified sexually dimorphic gene networks in both adipose and liver tissue associated with sexspecific metabolic traits and regulated by different genetic loci between males and females. Investigation of sexually dimorphic gene coexpression networks as they relate to biological traits allowed us to obtain a better understanding of the interactions that may play a significant role in sex-biased disease (48, 49) . Genes whose expression and interactions are affected as a response to the gonadal hormones and are highly correlated to biological traits related to atherosclerosis, diabetes, and obesity may help uncover key sex-specific metabolic therapeutic targets.
